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ABSTRACT: We report a systematic investigation of the size dependence of negative trion (T−) Auger recombination rates in free-standing
colloidal CdSe nanocrystals. Colloidal n-type CdSe nanocrystals of various
radii have been prepared photochemically, and their trion decay dynamics
have been measured using time-resolved photoluminescence spectroscopy. Trion Auger time constants spanning 3 orders of magnitude are
observed, ranging from 57 ps (radius R = 1.4 nm) to 2.2 ns (R = 3.2 nm).
The data reveal a substantially stronger size dependence than found for bior multiexciton Auger recombination in CdSe or other semiconductor
nanocrystals, scaling in proportion to R4.3.
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emiconductor nanocrystals possessing one or more “extra”
charge carriers are central to many nascent quantum-dot
technologies, from quantum computers1,2 to solar cells.3,4 In
addition to changing the electrical and spin properties of
quantum dots, the extra charge carriers have a dramatic impact
on nanocrystal excited-state relaxation dynamics. Photoexcitation of an n- or p-doped nanocrystal with just one extra
delocalized carrier creates a trion state (T− or T+, respectively)
that can relax rapidly via a so-called Auger recombination5 in
which the energy of the photogenerated electron−hole pair is
transferred nonradiatively to the extra carrier.
Trion Auger recombination has long been suspected to play
a major role in nanocrystal photoluminescence (PL) intermittency,6−11 and recent work has suggested that trion Auger
recombination in photoionized nanocrystals may have contributed to overestimated carrier-multiplication yields.12,13
Trion Auger recombination has also been implicated in
eﬃciency droop in nanocrystal light-emitting diodes
(LEDs),14 as proposed for bulk LEDs.15 Given the enormous
scrutiny of photophysical processes linked to trions in these
contexts, there has been remarkably little direct characterization
of trion Auger recombination in colloidal semiconductor
nanocrystals. For example, only recently were any negativetrion decay times of colloidal n-type nanocrystals directly
measured, in this case for electrochemically reduced CdSe/CdS
nanocrystals (R(core) = ∼2 nm, R(core/shell) = ∼3 nm)
aﬃxed to electrode surfaces.8 These measurements revealed T−
Auger recombination an order of magnitude slower than
biexciton Auger recombination and hence not suﬃciently fast
compared to radiative decay to account for nanocrystal
intermittent dark states. Transient trion formation has been
correlated with the occurrence of “gray” states in PL blinking
traces,16−18 conﬁrming the importance of this motif in
nanocrystal PL intermittency.
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Where examined, multicarrier Auger recombination is
generally greatly accelerated in nanocrystals,19−21 likely because
of the importance of interfaces for momentum conservation.
For example, biexciton Auger recombination rates scale roughly
with the inverse nanocrystal volume, the same size dependence
has been observed for multiexcitons,22 and a linear scaling with
volume has been assumed for trions as well.14,17,23 This size
dependence can be qualitatively understood in terms of
increasing high-k components of the charge-carrier wave
functions with increasing conﬁnement,24 but systematic data
characterizing trion Auger recombination in diﬀerent sized
nanocrystals are not available for quantitative assessment. A
thorough and systematic experimental characterization of trion
Auger rates in semiconductor nanocrystals would provide
valuable input for quantitative theoretical descriptions of the
critical factors regulating Auger rates in quantum dots in
general. To this end, we report here the size dependence of T−
Auger recombination rates in free-standing colloidal n-type
CdSe nanocrystals prepared via photochemical oxidation of the
sacriﬁcial hole quencher Li[Et3BH].25 The resulting data agree
well with the literature data8 for CdSe/CdS nanocrystals at R ∼
3 nm but show a signiﬁcantly stronger size dependence than
biexciton or multiexciton Auger recombination when other
sizes are considered. The implications of these new data are
discussed.
Figure 1 plots absorption and PL spectra of representative
CdSe nanocrystals used in this study. The dotted curves show
features characteristic of high-quality hot-injection CdSe
nanocrystals. The solid curves show spectra of the same
nanocrystals following growth of thin (∼1 monolayer) ZnS
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Figure 1. Room-temperature absorption and photoluminescence
spectra of representative colloidal CdSe core nanocrystals (dotted
red) and CdSe/ZnS core/shell nanocrystals (solid black). (a) R = 1.8
nm core nanocrystals, and (b) R = 3.2 nm core nanocrystals. Spectra
have been normalized to facilitate comparison.
Figure 2. (a) Room-temperature absorption spectra of colloidal R = 2
nm CdSe/ZnS nanocrystals before photodoping (red), after photodoping (black), and after reoxidation by exposure to air (blue circles).
The inset summarizes the photodoping and reoxidation processes
schematically. (b) Room-temperature neutral-exciton and trion PL
decay curves associated with the three absorption spectra in (a). The
inset shows the complete PL decay curves measured before (red) and
after (black) photodoping, normalized at 50 ns. The arrows indicate
intensity changes upon photodoping.

shells. The spectra are not signiﬁcantly altered upon shell
growth, as expected. Such ZnS shells eliminate nonradiative
decay channels without relaxing carrier conﬁnement, which
would complicate analysis of the Auger dependence on
nanocrystal radius. The remaining experiments described in
this paper were all performed using similar CdSe/ZnS core/
shell nanocrystals, and the data were analyzed assuming an
eﬀective radius equal to that of the CdSe cores alone.
Colloidal n-type nanocrystals were prepared by photoexcitation of these CdSe/ZnS core/shell nanocrystals in the
presence of the hole quencher, Li[Et3BH], as detailed
previously25 (see Methods). Under anaerobic conditions, this
photochemical borohydride oxidation yields a stable population
of colloidal nanocrystals possessing extra conduction-band
electrons compensated by Li+ and H+ cations. These colloidal
n-type nanocrystals are of high spectroscopic quality, making
them well suited for further spectroscopic examination. Figure
2 shows a representative set of absorption spectra and PL decay
curves measured before photodoping, after photodoping, and
after reoxidation of the CdSe/ZnS nanocrystals in air. The
decrease at the ﬁrst absorption maximum upon photodoping is
characteristic of partial occupancy of the conduction band by
delocalized electrons.26 Because the 1Se orbital can be occupied
by two electrons, reduction by two electrons per nanocrystal
would yield a full absorption bleach.26 The data in Figure 2a
show ∼20% absorption bleach at the ﬁrst maximum, indicating
an average number of conduction-band electrons per nanocrystal of ⟨n⟩ ∼ 0.4. For all measurements described here,
photodoping was kept at ⟨n⟩ ≪ 1 to exclude the possibility of
doubly reduced nanocrystals. The photodoped nanocrystals are
readily reoxidized upon opening the cuvette to air. Figure 2a
shows that the absorption spectrum of the reoxidized
nanocrystals nicely overlays that collected prior to photodoping, indicating well-behaved reversible photodoping without
sample degradation.25
In the time domain, the PL decay measured prior to
photodoping is dominated by a τ ∼ 17 ns component similar to
the radiative lifetime expected27 at room temperature. A small,
fast-decay component (τ = 0.57 ns) is also observed,
attributable to nonradiative processes. For all samples reported
here, the exciton PL decay prior to photodoping is similarly

multiexponential, which is common among CdSe nanocrystals.28,29 Upon photodoping (conﬁrmed by the exciton bleach in
Figure 2a), the PL decay of this same sample shows an increase
in intensity at short times that decays relatively rapidly (τ =
0.22 ns), followed by a slow decay process. The inset of Figure
2b plots the PL decay curves of the neutral and photodoped
nanocrystals over a long time window, normalized at t = 50 ns.
The two decay curves overlay one another well, conﬁrming that
the long time component in the photodoped sample is simply
due to decay of neutral nanocrystals in the ensemble having ⟨n⟩
≪ 1. To ensure measurement of solely trion decay times, and
not decay of nanocrystals containing multiple electrons, all
measurements reported here were performed under conditions
where neutral nanocrystals were clearly detected in the PL
decay. In addition, nanocrystals possessing more than one extra
conduction electron have a second PL peak at higher energy
than that observed from the neutral exciton or negative trion.
This peak is attributed to recombination of electrons from the
1Pe conduction level with valence-band holes,30 and PL spectra
were therefore used to verify that this feature was not present
under the conditions used for the trion lifetime measurements
(see Supporting Information).
Figure 2b also shows that the PL decay of the reoxidized
nanocrystals does not perfectly overlay that of the same
nanocrystals prior to photodoping. Frequently, the PL intensity
recovers completely only after extended exposure to air, and
initial recovery was found to vary from sample to sample (see
Supporting Information). The source of this variability is not
clear, but it may arise from slow reoxidation of deeply trapped
electrons, or possibly from surface restructuring of the
photodoped nanocrystals. Importantly, even when the PL
intensity does not recover fully, the PL decay kinetics do,
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indicating that the lost PL intensity is associated with
nonradiative processes that are faster than our PL instrument
response time (∼15 ps). We have observed that the intensity
irreversibility can be mitigated, if not completely suppressed, by
addition of surface-passivating trioctylphosphine ligands to the
nanocrystal solution before photodoping. These observations
suggest that the intensity irreversibility may relate to creation of
new surface traps upon photodoping.
The PL decay data in Figure 2b are very similar to those
reported for CdSe/CdS nanocrystals reduced electrochemically.8 The increased intensity at short times upon reduction is
attributable to the increased radiative decay rate of the trion
(about twice that of the exciton). The much faster decay of this
PL is attributable to trion Auger recombination. To quantify
the trion lifetimes from these data, we ﬁrst subtracted the PL
decay signal from the neutral nanocrystals present in the
ensemble. Here, the PL decay measured before photodoping
was ﬁtted at long times with a single-exponential function to
give the dominant component of the neutral exciton lifetime
(τXslow). With τXslow held constant, the neutral exciton PL decay
at short times was then ﬁtted to a biexponential function (eq
1), where τXfast accounts for faster nonradiative decay processes
of the neutral nanocrystals. This biexponential ﬁt reasonably
reproduces the experimental multiexponential decay over all
times. The trion lifetime (τT−) was then determined by ﬁtting
the PL decay of the photodoped nanocrystals with eq 2,
keeping τXslow, τXfast, and Aslow/Afast ﬁxed to account for the
remaining neutral nanocrystals. This procedure is equivalent to
simply subtracting the PL decay of the residual neutral
nanocrystals and ﬁtting the trion decay with a single
exponential.
⎛ −t ⎞
⎛ −t ⎞
I(t ) = A slow exp⎜
⎟ + A fast exp⎜
⎟
⎝ τXslow ⎠
⎝ τXfast ⎠

Figure 3. Room-temperature photoluminescence decay curves
measured for colloidal photodoped CdSe/ZnS nanocrystals of
diﬀerent radii, R, normalized at t = 0 ns. Decay curves are shown
for R = 1.4 nm (blue), 2.0 nm (green), and 3.2 nm (black), and the
arrow shows the decreasing trion lifetime with decreasing R. Note that
each sample has a diﬀerent fraction of nanocrystals with no electrons,
so the decay curves do not all approach precisely the same long-time
asymptote. The inset shows a double-log plot of τA− versus R for the
entire series of CdSe/ZnS nanocrystals measured here following
photodoping (●). The R = 3.2 nm nanocrystals were also examined
following chemical reduction using Na[biphen] (red ◊). The line in
the inset shows the best ﬁt to the data using eq 4, which yields p = 4.3.

various radii (see Supporting Information). The inset shows a
double-log plot of τA− versus R for the entire set of samples. τA−
spans 3 orders of magnitude, ranging from 57 ps (R = 1.4 nm)
to 2.2 ns (R = 3.2 nm). The largest CdSe nanocrystals in Figure
3 were also reduced using sodium biphenyl (Na[biphen]) as
the reductant, and τA− determined in the same way is also
plotted in the inset. The chemically and photochemically
reduced nanocrystals show indistinguishable τA− values. These
data reveal a strong and well-behaved dependence of the T−
Auger recombination time on nanocrystal radius. For this entire
data set, a best ﬁt to eq 4 yields p = 4.3. This exponent is robust
with respect to the method of data analysis. For example, very
similar results are obtained when τXrad/τT−rad is assumed to
equal 2.0. Likewise, simply ﬁtting the raw PL decay data of the
photodoped nanocrystals (e.g., Figure 3) with a single
exponential function and an intensity oﬀset also yields the
same result (see Supporting Information). The insensitivity of
the exponent (p = 4.3) to the method of data analysis reﬂects
the fact that trion Auger recombination is the dominant feature
of the photodoped nanocrystal PL decay data in this time
window.

(1)

⎡
⎛ −t ⎞
⎛ − t ⎞⎤
I(t ) = c ⎢A slow exp⎜
⎟ + A fast exp⎜
⎟⎥
⎢⎣
⎝ τXslow ⎠
⎝ τXfast ⎠⎥⎦
⎛ −t ⎞
+ A T− exp⎜
⎟
⎝ τT− ⎠

(2)

As described by eq 3, τT is determined by trion radiative
decay and Auger recombination dynamics. The trion’s radiative
decay time constant (τT−rad) can be estimated from τXslow based
on the empirical ratio of τXrad/τT−rad = 2.2,8 and its Auger time
constant (τA−) is then determined using eq 3. This analysis thus
assumes that no other nonradiative processes appear upon
photodoping, disappear upon reoxidation, and occur on the
same time scale as the trion Auger recombination, where they
would contaminate the Auger recombination dynamics. This
assumption is not easily justiﬁed a priori, but its validity is
supported by the collection of data over diﬀerent nanocrystal
radii (vide infra) and by comparison with literature data.
−

1
1
1
=
+
τT−
τA−
τT−Rad

τAuger = AR p

(4)

There is very little scatter among the data in Figure 3 (inset),
despite having used two diﬀerent CdSe nanocrystal syntheses
and two diﬀerent methods of nanocrystal n-doping (photochemical and chemical), and having samples showing diﬀerent
extents of competing nonradiative neutral-exciton decay. For
example, two nanocrystals with R ≈ 2.3 nm synthesized by the
methods of refs 31−33 showed signiﬁcantly diﬀerent neutralexciton PL decay dynamics, with τXslow = 24 versus 16 ns,
respectively (see Supporting Information), but their τA− values
diﬀered by only ∼5%. Similarly, the τA− values measured for the
same chemically and photochemically reduced R = 3.2 nm
nanocrystals were indistinguishable (Figure 3, inset). These
results provide additional strong support for the robustness of
the analysis described above. Speciﬁcally, the method of ndoping and changes in other nonradiative relaxation processes
upon n-doping do not signiﬁcantly impact the trion decay

(3)

Figure 3 plots the PL decay of three photodoped (⟨n⟩ ≪ 1)
CdSe/ZnS nanocrystal samples with diﬀerent radii. The curves
are all normalized at t = 0 ns to illustrate the increasingly rapid
trion decay with decreasing nanocrystal radius (arrow).
Following the procedure outlined above, τA− was determined
for each sample, as well as for several other samples with
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measurements. For example, ﬁlling (reduction) of midgap traps
is known to occur during this photodoping.25 Although such
ﬁlling could conceivably introduce competing “trap-assisted”
Auger recombination processes,34 the new trap-centered
recombination observed following photodoping of these
CdSe nanocrystals occurs much faster than the trion Auger
recombination. Consequently, trap reduction causes an overall
decrease in PL intensity without obscuring the trion decay
dynamics.25
The data in Figure 3 oﬀer the opportunity to compare the
experimental size dependence of a trion’s Auger recombination
with those of other multicarrier Auger recombination processes
for the ﬁrst time. Figure 4 plots the negative trion τA− values

consensus about the relative magnitudes or size dependence of
τA−, τA+, and τAXX in CdSe nanocrystals, however. For example,
some calculations37 suggest τA− ≈ τA+, and hence τA−/τAXX ≈ 4
(from eq 5), but others38 suggest a signiﬁcantly smaller ratio of
τA−/τAXX ≈ 2.3. From the experimental size dependence of τA−
measured here, it is evident that τA− and τAXX depend diﬀerently
on R (p = 4.3 vs 3.0), and hence τA−/τAXX must also be size
dependent. From these data, τA−/τAXX decreases from ∼13 at R
= 3.3 nm to ∼5 at R = 1.4 nm. A size dependence of τA−/τAXX in
CdSe nanocrystals has been predicted theoretically, in which
τA−/τAXX = 3.1 for R = 1.39 nm nanocrystals and 2.5 for R =
1.92 nm nanocrystals, both in a toluene dielectric.38 Given
literature τAXX data, these computed ratios imply values of τA− =
37 and 81 ps, respectively, which represent a somewhat smaller
size dependence (p = 2.4) than we observe experimentally (p =
4.3, Figure 3).
1
τ AXX

=

2
2
+
τA−
τA+

(5)

Other systematic experimental measurements of the size
dependence of trion Auger recombination rates do not exist.
The strong trion-Auger size dependence observed here is
consistent with previous reports of slow trion Auger
recombination in colloidal core/thick-shell nanocrystals,23,39,40
colloidal dot-in-rod nanocrystals,41 and self-assembled quantum
dots,42 all possessing much greater internal volumes, but other
factors including reduced electron−hole overlap and interface
gradation are undoubtedly also important in these morecomplex nanostructures. To our knowledge, the only analogous
data are available from transient cathodoluminescence decay
measurements on nanocrystal ﬁlms of three CdSe/ZnS samples
and analysis involved deconvolution of overlapping luminescence from multiple species.43 These data show a smaller size
dependence of τA− than observed here, corresponding to p ∼
1.1. The origin of this diﬀerence is unclear. We note that the
simplicity of the photodoping and photoluminescence
approach reported in the present study is favorable for allowing
unambiguous identiﬁcation and analysis of negative trions in
colloidal CdSe nanocrystals.
If eq 5 is valid, then positive trion Auger times (τA+) can also
be predicted from the trion and biexciton Auger data, and this
result is plotted in Figure 4 along with the other data. For all
experimental radii investigated here, τA+ is predicted to be
smaller than τA−, but it also shows a smaller size dependence (p
= 2.5 from eq 4) than either τA− or τAXX. Both observations
would be consistent with expectations from the greater density
of states in the valence bands of II−VI semiconductors than in
their conduction bands, assuming a greater density of states
results in a lesser sensitivity to changes in the density of
states.44 Because of its strong size dependence, τA− may even
become faster than τA+ at very small R, according to eq 5. As
stressed previously,8 however, eq 5 neglects four-particle
processes in biexciton Auger recombination, in which the
energy from the recombining exciton is partitioned between the
electron and hole of the remaining exciton. Stable p-doped
colloidal CdSe nanocrystals have not been prepared experimentally, and without independently measuring τA+, it is not
possible to determine the validity of eq 5. A value of τA+ = 1.1 ns
has been reported for CdSe/CdS nanocrystals (core R = 1.8
nm, core/shell R = 4−5 nm), however, measured by variablerepetition-rate photoluminescence spectroscopy,45 and for the
same nanocrystals, τAXX = 0.40 ns and τA− = 2.3 ns were
reported. Although a direct comparison of these data with those

Figure 4. Double-log plot of Auger recombination time constants
versus CdSe nanocrystal radius, including experimental negative trion
(τA−) and biexciton (τAXX) Auger time constants, and projected
positive trion (τA+) Auger time constants: τA− from this work (●);
Literature τA− (Δ, ref 8); Literature τAXX (blue symbols: ○ (ref 22), ◊
(ref 35), and □ (ref 36)). The size dependence of τA+ (red dotted line)
is calculated from the best ﬁts of eq 4 to the experimental τA− data (p =
4.3) and the literature τAXX data (p = 3.0) using eq 5, and yields p = 2.5
from eq 4

from this work together with τA− values estimated from
analogous literature data.8 At similar R, the τA− values from the
present work agree remarkably well with those deduced from
trion decay data reported8 for electrochemically reduced R ∼ 3
nm CdSe/CdS nanocrystals (assuming the full core/shell radius
to be the eﬀective radius, and analyzed as described above).
This agreement lends further credence to the analysis applied
here. Figure 4 also plots literature22,35,36 biexciton Auger
recombination times (τAXX) versus R for similar CdSe
nanocrystals. As reported previously,20,22,35,36 ﬁtting these
τAXX data to eq 4 yields p = 3.0.
Just as the precise origins of the p = 3.0 size dependence of
τAXX are not trivially understood,20 it is not obvious why τA−
scales with p = 4.3. Trion Auger recombination rates are
governed by Fermi Golden Rule considerations24 and are
expected to depend on intercarrier Coulomb interaction
strengths, carrier surface probability densities, shapes of the
conﬁnement potentials, conﬁnement-induced state mixing, and
densities of states fulﬁlling the resonance criteria, all of which
should vary with nanocrystal size. A stronger size dependence
of the resonant density of states for trion versus biexciton Auger
recombination, for example, might manifest itself in the
observed stronger size dependence of τA− than of τAXX. It is
not known which, if any, of these factors is dominant.
In simple core-only nanocrystals, the biexciton Auger
recombination time constant has been related to positive and
negative trion Auger recombination time constants based on
statistical considerations as described by eq 5.37 There is still no
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luminescence, luminescence decay, and absorption measurements and then brought back into the glovebox. Nanocrystal
photodoping was then performed following the procedures
detailed in ref 25. Brieﬂy, 10 μL of 1 M lithium
triethylborohydride (Li[Et3BH]) in THF (used as received
from Sigma-Aldrich) was added to 1 mL of toluene, and 10−20
μL of this 0.01 M Li[Et3BH] solution was added to the
nanocrystal solution. For all nanocrystals, exposure to ambient
room lights was suﬃcient to photodope the nanocrystals within
∼3 min with the exception of the smallest (R = 1.4 nm)
nanocrystals, which were instead illuminated using a Hg/Xe arc
lamp equipped with a 450 nm cutoﬀ ﬁlter for ∼5 min. For
chemical reduction, 60 μL of ∼0.1 M sodium biphenyl radical
solution (Na[biphen]) was added instead of Li[Et3BH].
Photoluminescence decay curves were measured by exciting
the nanocrystals with the frequency-doubled output of a
Ti:sapphire laser at a 500 kHz repetition rate (400 nm, 150 fs
pulse, 0.7 nJ/pulse). Decay curves were recorded using a
monochromator and streak camera with an instrument
response function of ∼15 ps. Luminescence spectra were
collected using an unfocused 405 nm laser diode (∼5 mW) for
excitation and an OceanOptics 2000+ spectrometer for
detection.

presented in Figure 4 is complicated by the inﬂuence of the
thick CdS shells in the former, the data are consistent with eq 5.
Finally, the data presented here also imply a strong size
dependence of trion PL quantum yields. From analysis of
experimental decay dynamics, R ∼ 3 nm CdSe/CdS nanocrystals have been predicted to have negative trion PL quantum
yields as large as 10−15%.8 The data here support this proposal
but also suggest that the maximum PL quantum yields of
negative trions should decrease rapidly to <1% at the smallest
radii investigated here (R = 1.4), simply because of the strong
size dependence of τA− (see Supporting Information). The
strong size dependence of τA− may thus cause an order of
magnitude variation in the brightness of “gray” states observed
during nanocrystal intermittency, depending on nanocrystal
radius. Awareness of this τA− size dependence may therefore
inform interpretations of the microscopic origins of these gray
states.
In summary, the dependence of negative trion Auger
recombination on nanocrystal radius has been measured for
free-standing colloidal n-doped CdSe nanocrystals prepared
photochemically. Negative trion Auger recombination accelerates rapidly with decreasing nanocrystal radius, with τA−
proportional to R4.3. This scaling contrasts with the universal20
R3 scaling of bi- and multiexciton Auger recombination, and it
implies a weaker size dependence of Auger recombination in
the as-yet inaccessible CdSe positive trion. These results
provide an experimental basis for the development and testing
of theoretical descriptions of trion Auger recombination
dynamics in CdSe and related semiconductor nanocrystals.
Beyond the speciﬁc CdSe results presented here, these ﬁndings
demonstrate the utility of photodoping25 as an approach for
exploring the unique physical properties of high-quality
electronically doped colloidal semiconductor nanocrystals.
Methods. Colloidal CdSe nanocrystals were synthesized by
hot-injection following literature procedures.31−33 R = 3.2, 2.5,
2.3, and 2.0 nm nanocrystals were synthesized following the
procedures detailed in refs 31 and 32. R = 2.8, 2.6, 2.5, and 1.8
nm nanocrystals were synthesized by adapting the procedures
of ref 33. For this, 0.05 g of CdO and 0.5 g of stearic acid were
degassed in a three neck ﬂask at 100 °C after which the
temperature was raised to 270 °C and cadmium stearate was
formed. The temperature was lowered to 100 °C and 2.5 g of
hexadecylamine and 2 g of trioctylphosphine oxide (TOPO)
were added to the ﬂask. This mixture was degassed for 30 min
before the temperature was raised to 330 °C and a solution of
0.15 g of Se in 1.5 mL of trioctylphosphine (TOP) was swiftly
injected. The growth time was adjusted to between 1 and 3 min
to reach the desired nanocrystal sizes. Nanocrystals with R =
1.4 nm were obtained following the same procedure but by
adding 16 g of octadecene to the cation reaction ﬂask to be
degassed along with the CdO and stearic acid. For all
nanocrystals, ZnS shells were grown using the SILAR
method.46
All spectroscopic data were collected at room temperature on
colloidal suspensions of nanocrystals. Absorption spectra
collected using a Cary 500 spectrophotometer (Varian) and
nanocrystal radii were estimated from these spectra using the
empirical relationship presented in ref 47. For photoluminescence measurements, a sealable cuvette containing 2
mL of nanocrystal solution (band gap absorption = 0.1−0.2)
with ∼2 mg of extra 99% TOPO as well as ∼0.1 mL of TOP if
necessary (see main text) was prepared in a N2 atmosphere
glovebox. This solution was used for neutral-exciton photo-
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